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Abstract 
The influence of Cephalexin (CLX), Tetracycline (TC), Erythromycin (ERY) and 
Sulfathiazole (ST) on methane-producing archaea (MPA) and sulfate-reducing bacteria (SRB) 
in anaerobic sludge was investigated using acetate or ethanol as substrate. With antimicrobial 
concentrations below 400 mg·L
-1
, the relative specific methanogenic activity (SMA) was above 
50%, so that the antimicrobials exerted slight effects on archaea. However ERY and ST at 400 
mg·L
-1
 caused a 74.5% and 57.6% inhibition to specific sulfidogenic activity (SSA) when the 
sludge granules were disrupted and ethanol used as substrate. After disruption, microbial 
tolerance to antimicrobials decreased, but the rate at which MPA utilized acetate and ethanol 
increased from 0.95 gCOD·(gVSS·d)
-1
 to 1.45 gCOD·(gVSS·d)
-1
 and 0.90 gCOD·(gVSS·d)
-1
 
to 1.15 gCOD·(gVSS·d)
-1
 respectively. The ethanol utilization rate for SRB also increased after 
disruption from 0.35 gCOD·(gVSS·d)
-1
 to 0.46 gCOD·(gVSS·d)
-1
. Removal rates for CLX 
approaching 20.0% and 25.0% were obtained used acetate and ethanol respectively. The 
disintegration of granules improved the CLX removal rate to 65% and 78%, but ST was not 
removed during this process. 
The enrichment of nitrifying bacteria was realized and sludge yield was calculated for the 
batch experiment period. The influence of four kinds of antimicrobials on ammonia-oxidizing 
bacteria (AOB) and nitrite-oxidizing bacteria (NOB) was investigated using batch experiments. 
The specific ammonia-oxidizing activity (SAA) was 0.44 gN/(gVSS·d) and the specific 
nitrite-oxidizing activity (SNA) was 0.64 gN/(gVSS·d). Below 400 mg/L antimicrobials, 
Cefalexin (CLX) almost has no adverse effect on nitrification and the highest inhibition caused 
by SMX was 15.4% and 23.9% to SAA and SNA respectively. Azithromycin (AZI) exhibited 
the most intense inhibitory effect. The relative activity of AOB and NOB were 39.0% and 
29.8% respectively when AZI was 400 mg/L. Due to the complexation of Tetracycline (TC) 
with Ca
2+
 and Mg
2+
, biomass showed obvious reduction with the foam on water surface. With 
the addition of 400 mg/L TC, only 76.9%, 13.7% and 8.1% of sludge remained when the 
substrate contained calcium or magnesium ions or both of them respectively. 
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Chapter 1 Background introduction 
1.1 Antimicrobials wastewater in the aquatic environment 
Although antibiotics have been used in large quantities for some decades, until recently 
the existence of these substances in the environment has received little notice. It is only in 
recent years that a more complex investigation of antibiotic substances has been undertaken in 
order to permit an assessment of the environmental risks they may pose. Within the last decade, 
an increasing number of studies covering antibiotic input, occurrence, fate and effects have 
been published. Antibiotics are one of the most important groups of pharmaceuticals. 
Antibiotic resistance is one of the major challenges for human medicine and veterinary 
medicine. However, there is still a lack of understanding and knowledge about sources, 
presence and significance of resistance of bacteria against antibiotics in the aquatic 
environment despite the numerous studies performed. This review summarizes this topic. It 
names important open questions and addresses some significant issues which must be tackled 
in the future for a better understanding of resistance related to antibiotics in the environment. 
Bacteria resistant to antibiotics have been found in the aquatic environment (Gartiser et al. 
2007; Watkinson et al. 2007) and in soil (Schmidt et al. 2012). Whether resistance may develop 
in sewage treatment plants (STPs) is currently under discussion. In biofilms the bacterial 
density is very high, both in the aerobic and anaerobic septic tanks of STPs, in drinking water 
tubes, and in sediments. Biofilms are not a taxonomic barrier to the horizontal transfer of 
genetic material. A prerequisite for a direct transfer of resistance is that the bacteria are able to 
survive, or that the genetic material is at least stable enough for transfer to the new environment, 
e.g. from the human body to surface water, which is colder and much poorer in nutrients. 
Therefore, the question is whether the input of antibiotics into the environment is an important 
source in the emergence of resistant bacteria in the environment, i.e. is the concentration of the 
antibiotic and the bacterial density high enough, is the exposure long enough to promote 
resistance or to select resistant bacteria, or is the transfer of resistance from already resistant 
bacteria following improper use of antibiotics much more important than the input of the 
antibiotic compounds themselves? The link between the presence of antimicrobials and the 
favoring of resistant bacteria as well as the transfer of resistance at concentrations as low as 
those found for antimicrobials in the environment is not yet established. Often, the data used to 
assess the environmental effects of antibiotics are not adequate to establish how long bacteria 
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maintain antibacterial resistance in the absence of continued selective pressure for that 
resistance. Knowledge of sub-inhibitory concentrations of antimicrobials and their effects on 
environmental bacteria is scarce and contradictory, especially with respect to resistance. 
However, there is evidence that antibiotic resistance is already present in natural environments 
and that it can be exchanged between bacteria for at least a decade (Davies and Davies 2010). 
(Schmidt and Ahring 1991) concluded that animal, human and plant pathogens and other 
bacteria isolated from different habitats (among them waste water treatment plants) share a 
common pool of resistance determinants that can easily be exchanged. The transfer as well as 
the new combination of resistance genes is most likely to occur in compartments with high 
bacterial density, i.e. bio-films Some results indicate that the transfer of resistance and the 
selection of resistant bacteria are not favored at antibiotic concentrations as high as those found 
in hospital effluents or the aquatic environment (Okabe et al. 2005). 
Antibiotics exist around human’ life is shown in Figure 1. An important source for the 
resistance material found in hospital effluents, municipal sewage and STPs is the input of 
bacteria that have already become resistant through the use of antibiotics in medical treatment. 
There are reports that the widespread use of biocides such as triclosan and quaternary 
ammonium compounds used in hospitals and homes could select for antibiotic-resistant 
bacteria (Hilton and Thomas 2003; Roberts and Thomas 2006). For example, triclosan has been 
shown to select for low level antibiotic resistance in Escherichia coli (Nuengjamnong and 
Chalermchaikit 2010), and high-level ciprofloxacin resistance in triclosan-sensitive P. 
aeruginosa mutants (Ching-Hua Huang 2001). However, in general, the presence of resistant 
bacteria and genetic material correlated with resistance do not correspond with the 
concentrations and activity spectrum of compounds found in the environment. For example, 
β-lactams have been detected in the environment at only very low concentrations and they are 
easily hydrolyzed at ambient temperature (Halling-Sorensen et al. 2003; Lindberg et al. 2005), 
whereas resistant bacteria and genetic material encoding resistance against certain β-lactams 
have been found in STPs. Additionally, resistance against vancomycin has been found in 
European sewage and waters, even though only small quantities of vancomycin are used in 
Europe. The results of Al-Ahmad et al. (in press) and Wiethan et al. (2000) suggest that bacteria 
which have already become resistant through the application of antibiotics will not necessarily 
have a selective advantage in sewage treatment. Concentrations of antibiotics and disinfectants 
are normally some orders of magnitude lower in the free water phase of the environment than in 
therapeutic use (Loftin et al. 2005). 
The concentration of antibiotics may be much higher if the active compounds are 
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persistent and accumulate e.g. by sorption to solid surfaces in certain environmental 
compartments such as sewage sludge, sediments or soil. In these cases, the role of antimicrobial 
concentration could differ to that in water. It is not known how strong the antibiotics are sorbed 
and under what circumstances they are still biologically available and active after sorption. 
These findings indicate that the input of bacteria that are already resistant into the environment 
may be more important for the presence of resistant bacteria in the environment than the active 
compounds themselves. 
1.2 Antimicrobials issues 
An antimicrobial is an agent that kills microorganisms or inhibits their growth. 
Antimicrobial medicines can be grouped according to the microorganisms they act primarily 
against. For example, antibacterials are used against bacteria and antifungals are used against 
fungi. They can also be classified according to their function. Agents that kill microbes are 
called microbicidal, while those that merely inhibit their growth are called microbiostatic. 
The main classes of antimicrobial agents are disinfectants ("nonselective antimicrobials" 
such as bleach), which kill a wide range of microbes on non-living surfaces to prevent the 
spread of illness, antiseptics (which are applied to living tissue and help reduce infection during 
surgery), and antimicrobials (which destroy microorganisms within the body). The term 
"antibiotic" originally described only those formulations derived from living organisms but is 
now also applied to synthetic antimicrobials, such as the sulphonamides, or fluoroquinolones. 
The term also used to be restricted to antibacterials (and is often used as a synonym for them by 
medical professionals and in medical literature), but its context has broadened to include all 
antimicrobials. Antibacterial agents can be further subdivided into bactericidal agents, which 
kill bacteria, and bacteriostatic agents, which slow down or stall bacterial growth. 
Use of substances with antimicrobial properties is known to have been common practice 
for at least 2000 years. Ancient Egyptians and ancient Greeks used specific molds and plant 
extracts to treat infection. More recently, microbiologists such as Louis Pasteur and Jules 
Francois Joubert observed antagonism between some bacteria and discussed the merits of 
controlling these interactions in medicine. In 1928, Alexander Fleming became the first to 
discover a natural antimicrobial fungus known as penicillium rubens. He named the substance 
extracted from the fungus penicillin and in 1942 it was successfully used to treat a 
streptococcus infection. Penicillin also proved successful in the treatment of many other 
infectious diseases such as gonorrhea, strep throat and pneumonia, which were potentially fatal 
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to patients up until then. Figure1-2 showed the research articles from Web of Knowledge (ISI) 
focused on pharmaceuticals industrial wastewater. 
 
Figure 1-1 Research articles from Web of Knowledge (ISI) focused on pharmaceuticals 
industrial wastewater 
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Chapter 2 Literature review 
2.1 Antimicrobials sources 
In contrast to the properties and effects desired from the therapeutic application of 
antibiotics, these same properties are often disadvantageous for those target and non-target 
organisms present in the environment. A review of pharmaceuticals, including antibiotics for 
veterinary use and related environmental issues on a global scale, was recently published by 
Sarmah et al. (Sarmah et al. 2006). Therefore, this aspect and others, such as the fate of 
antibiotics in soil or surface water would run-off after application of manure (Larsson et al. 
2007), or in the use of sewage sludge for land amendment is not discussed in detail in this 
review. A detailed review on analytical methods for the determination of antibiotics in the 
aquatic environment has been recently published (Li et al. 2013). Measurements conducted 
during the last decade showed that the concentrations of antibiotics in municipal sewage, 
hospital effluents, influents and effluents of STPs, surface water and groundwater are mostly in 
the same range, respectively.  
Anthropogenic pollutants gain entry to air, surface and ground waters, land, and biota as a 
result of manufacturing emissions, power generation, waste disposal (e.g., incineration, 
landfills), accidental releases (e.g., spills), purposeful introduction (e.g., pesticide application, 
groundwater recharge, sewage sludge application to land, illegal discharge and dumping), and 
consumer activity (which includes both the excretion and purposeful disposal of a wide range 
of naturally occurring and anthropogenic chemicals, PPCPs being but one expansive galaxy of 
such chemicals). All of these sources but the last have long been recognized as major potential 
routes of pollutant release. Once released to the environment, PPCPs (like other pollutants) can 
take up residence in ‘‘storage reservoirs,’’ which can be viewed as secondary sources for further 
releases; examples are residues that have been concentrated by sorption to sediment, biosolids, 
or biota. Consumer activities, however, have only recently been recognized as a potentially 
major, long-standing source of uncontrolled non-point pollution. 
2.2 Antimicrobials classification 
Traditionally antimicrobials are defined as chemical compounds that eradicate or inhibit 
the growth of other microorganisms. However, the term “antibiotic” has been expanded for 
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antibacterial, antiviral, antifungal and antitumour compounds. Most of these substances have a 
microbial origin, but they may be also semi-synthetic or totally synthetic. Antibiotics can be 
divided into several classes, according to different criteria: spectrum, mechanism of action or 
chemical structure. In Table 2-1and Figure 2-3 are presented the principal classes of antibiotics, 
according to their chemical structure. 
 
Figure 2-3 Major antibiotic classes and the target antibiotics in this study 
2.3 Characteristic of antimicrobials wastewater 
If a substance is not eliminated in any way, it can reach the environment with the potential 
of adversely affecting aquatic and terrestrial organisms. It might reach humans again via 
drinking water. Until now, antibiotics have not yet been reported to be present in drinking water, 
only certain pharmaceuticals and diagnostics such as clofibric acid or amidotrizoic acid have 
been reported to date. The effects of antibiotics on human health have been reported in the 
medical literature. Well known unwanted side effects within therapy are allergic reactions (e.g. 
ß-lactams such as penicillin G or methicillin), and a few such as gentamicin are nephrotoxic. 
For quinolones it is known that sensitivity to light can be increased. Teracycylines should not 
be applied for young children because of the negative interaction of tetracyclines with their 
developing teeth. Because of their antimicrobial activity, a negative interaction within the gut 
can happen within therapy. Bacteria, fungi and microalgae are the organisms primarily affected 
by antibiotics, because antibiotics are designed to affect microorganisms. 
Antibiotics are of particular interest because we currently do not know whether their 
presence in natural waters contributes to the spread of antibiotic resistance in microorganisms. 
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In general, the effects of antibacterial agents on bacteria and microalgae are found to be 2–3 
orders of magnitude below the toxic values for higher trophic levels (Rho et al. 2012). This 
differential sensitivity is likely dependent on differences in metabolic potential as well as 
uptake kinetics (Bhatti et al. 1993), which has been demonstrated for a number of compounds 
from another class of biologically active compounds, namely, pesticides. Adverse impacts of 
antibiotics on higher aquatic organisms have been reported, but in most cases in which effects 
were detected the concentrations were environmentally irrelevant. However, secondary effects 
due to changes in the natural balance are not negligible. 
For all tests involving bacteria one has to be aware that there are several shortcomings 
for the currently existing tests. One can either chose a pure culture, but in this case the test 
relies on specific toxicity. However, one cannot be sure that one is working with the most 
sensitive and/or most important organism. 
Furthermore, in the case of antibiotics most of them work preferentially against either 
Gram positive or Gram negative bacteria. This means that compounds active against Gram 
positive organisms will show no toxicity if a test with Gram negative bacteria  is used such 
as the Ps. putida growth inhibition test, and vice versa. Alternatively, one can select a test that 
relies on a mixed population such as sewage sludge. In this case, effects against certain 
important organisms may be masked by other organisms that are either less or not at all 
affected but still contribute to the endpoint measured. 
2.4 Antimicrobials wastewater treatment 
2.4.1 Sorption 
In order to assess the quality of antibiotic data on sorption it is necessary to consider their 
physical chemical properties. (Verlicchi et al. 2012) reviewed the sorption behavior of 
antibiotics in soil. Some of this information might be helpful in judging the sorption of 
antibiotics onto sewage sludge and sediments. However, the content of mineral material is 
lower in sediments, and aerobic and anaerobic conditions can dramatically differ within a few 
centimetres. As for sewage sludge, the mineral content is very low. Compared to sediments the 
lipid concentration is much higher, therefore, more nonpolar, less polar and cationic material is 
present. 
2.4.2 Photolysis 
If a substance is light sensitive, photo-decomposition may be of major significance in the 
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elimination process. In general, data on the sensitivity of antibiotics against light, moisture and 
temperature can be found in the medical and pharmaceutical literature. 
Data from the drug registration procedure may give guidance on compounds where 
photo-decomposition can be expected to play a role. Photo-decomposition takes place mainly 
in clear surface water. Photochemical decomposition can play an important role in surface 
water as an additional elimination pathway or for effluent treatment (Fan et al. 2011). The 
effectiveness of the process depends on light intensity and frequency. Photo-decomposition 
may not occur when the compounds are present in turbid water, if the creek, river, or lake is 
shadowed by trees, or if the compounds are in soil, sewage and sewage pipes since they have 
low light exposure. Frequency relates to the absorption spectrum of a compound, and the 
absorption spectrum may be affected by sorption and complexation. Therefore, the 
effectiveness of photo-transformation in the environment cannot always be derived in a 
straightforward way from results obtained in laboratory tests. It can also vary with season and 
the latitude. The effectiveness of depletion processes differ under environmental conditions 
such as pH or water hardness and depend on the type of matrix, location, season and latitude 
(Yu et al. 2011). It should be noted that incomplete photo-transformation and 
photo-degradation can lead to more or less stable or more or less toxic compounds although 
this does not necessarily have to happen. 
2.4.3 Hydrolysis and thermolysis 
Another important pathway for the non-biotic elimination of organic substances in the 
environment is hydrolysis. Some instability in water could be demonstrated for some 
tetracycylines. In general, the hydrolysis rates for oxytetracycline increase as the pH deviates 
from pH 7 and as temperature increases. The half-lives of oxytetracycline under investigation 
varied due to differences in temperature, light intensity and flow rate from one test tank to 
another. However sulphonamides and quinolones are resistant to hydrolysis. In laboratory 
biodegradability testing with sewage sludge it has been found that ß-lactams are rapidly 
hydrolysed. This leads to the deactivation of antibiotic activity (Lindsey et al. 2001). A 
subsequent step is decarboxylation. Even if the compounds are structurally closely related, the 
degree of hydrolysis and decarboxylation, the share of microbial activity in these processes, 
and their kinetics all differ (Lindsey et al. 2001). This means that many of the most frequently 
applied penicillins can probably not be detected in the environment at the expected 
concentration level. The ß-lactam ring of ß-lactam antibiotics, e.g. penicillins, can be opened 
by ß-lactamase, an enzyme present in bacteria. (Li and Zhang 2011) reported thermal 
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decomposition of penicillin G as treatment of the effluent of a production plant showed the 
elimination of an antibiotic in seawater. 
2.4.4 Technical oxidation processes 
Antibiotic formulation effluents are well known for the difficulty of their elimination by 
traditional bio-treatment methods and their important contribution to environmental pollution 
is due to their fluctuating and recalcitrant nature. For advanced effluent treatment oxidation 
processes are usually applied. However, ozonation will not work well for all types of 
molecules. The presence of carbon–carbon double bonds, aromatic bonds or nitrogen is a 
necessary prerequisite. However, the presence of these structural elements does not guarantee 
the fast and full degradation or even the mineralization of a molecule. 
The effect of ozonation on the degradation of oxytetracycline in aqueous solution at 
different pH values (3, 7 and 11). The results demonstrate that ozonation as a partial step in a 
combined treatment concept is a potential technique for biodegradability enhancement for 
effluents from pharmaceutical industries containing high concentrations of oxytetracycline, 
provided that the appropriate ozonation period is selected. It has been shown that COD 
(chemical oxygen demand) removal rates increase with increasing pH as a consequence of 
enhanced ozone decomposition rates at elevated pH values. The results of bioluminescence 
data indicate that the initial by-products after partial ozonation (5–30 min) of oxytetracycline 
were more toxic than the parent compound (Lefebvre et al. 2014). 
2.4.5 Biodegradation 
Most antibiotics tested to date have not been biodegradable under aerobic conditions. 
Biodegradability has been poor for most of the compounds investigated in laboratory tests such 
as the OECD test series (301–303, 308) – even for some of the ß-lactams (Richardson and 
Bowron 1985). Out of 16 antibiotics tested, only benzyl penicillin (penicillin G) was 
completely mineralized in a combination test (combination of the OECD 302 B and OECD 301 
B tests; Gartiser et al., 2007a). Trials simulating sewage treatment (OECD 303 A) with 
radiolabeled compounds revealed that approximately 25% of benzyl penicillin was mineralized 
within 21 d, whereas ceftriaxone and trimethoprim were not mineralized. (Fountoulakis et al. 
2004) found that the biodegradability of lincosamine in a sequence batch reactor was worse 
with municipal waste water than with synthetic waste water. No evidence of biodegradation for 
tetracycline was observed during a biodegradability test (sequence batch reactor), and sorption 
was found to be the principal removalmechanism for tetracycline in activated sludge. 
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2.5 Occurrence and fate of antimicrobials in wastewater treatment 
plant 
Up to now, most studies on antibiotics in WWTPs focused on the concentration levels of 
certain antibiotics such as sulfamethoxazole, tetracycline and ciprofloxacin in influent, effluent 
and sludge. Little research is known about the occurrence and removal of different classes of 
antibiotics together. Furthermore, aqueous phase removal percentage is often used as the only 
parameter for elimination efficiencies of antibiotics in WWTPs. In fact an aqueous removal 
percentage cannot comprehensively evaluate the elimination of antibiotics in WWTPs, since 
some antibiotics have a tendency to partition into the sludge. 
The concentrations of antibiotics in municipal sewage and in sewage treatment plants 
(STPs) are typically lower by of factor of 100 compared to hospital effluent (see above). 
Resistant and multi-resistant bacteria such as E. coli, P. aeruginosa, Acinetobacter, 
pseudomonads, Enterobacteriaceae, and phylogenetically distant bacteria, such as members of 
a- and b-Proteobacteria, are present in municipal sewage as well as in the aeration tanks and the 
anaerobic digestion process of STPs. Resistance against β-lactams, quinolones, tetracycline and 
sulfamathoxazole/trimethoprim and other sulphonamides has been found in waste water and 
sewage sludge all over the world using classical means such as cultivation and resistance 
testing as well as the detection of resistance encoding genes (Xing et al. 2006). It has not yet 
been shown that permanent exposure to antibiotics in sewage systems promotes the 
development of antibiotic resistance and selective effects on bacterial communities. A 
multi-resistant Acinetobacter strain which is known to be able to survive in sewage was 
introduced to a laboratory-scale sewage treatment plant (LSSTP) containing a mix of 
antibiotics at a concentration up to 100-fold above that expected in the aquatic environment in 
Germany and reflecting nation-wide antibiotic use. 
The strain was resistant to seven of the antibiotics present. Despite the antibiotics present 
and the resistance pattern, this bacterial strain was neither detectable in the LSSTP by classical 
microbiological methods, nor by chemotaxonomy. Furthermore, 2 weeks after introduction of 
the bacterium into the treatment plant, the genetic material responsible for the multi-resistance 
could no longer be detected. These results suggest that the continuous input of resis- tant 
bacteria due to the application of antibiotics is by far much more important than the input of 
antibiotics. However, this topic requires further consideration and investigation. 
Resistant bacteria are eliminated quite well from sewage in STPs. Up to 99% of 
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Campylobacter spp. was eliminated from sewage water through treatment in a STP. During the 
waste water cleaning process in a number of municipal STPs, the number of selected resistant 
pathogens has been reduced up to 99% which seems to be a sufficient level of elimination 
(Baloch et al. 2008). The input of resistant bacteria into three different STPs and their 
elimination was monitored. One of the STPs received effluent from several hospitals in a large 
community (650000 population equivalents). The other two were located in the country-side, 
one of them receiving communal sewage and effluent from two convalescent homes (7500 
population equivalents), the other one received only municipal sewage (14500 population 
equivalent). The STPs were different in process engineering. Elimination rates were 95–99% 
for E. coli, Pseudomonas spp. and Enterococcus spp. For resistant bacteria elimination levels 
were 93.5–100%. And there was no difference detected between resistant and non-resistant 
bacteria. These results apply for both winter and spring. 
A correlation between input i.e. size and number of hospitals passing waste water and the 
STPs was not found (Chevre et al. 2013). However, factors like dilution effects, survival of 
antibiotic resistance genes (ARGs), and additional regrowth caused by agriculture or natural 
background load, which can be higher than human input, must also be taken into account. 
Another question is, how far waste water disinfection is part of a hygiene illusion. Moreover, a 
spread of bacteria and resistance does not seem to be expected in the process of the generation 
of drinking water from surface water because of corresponding reduction potentials caused by 
preparation techniques (Xie et al. 2009). In a study conducted it was found that light exposure 
should be maximized in receiving waters in order to maximize the loss rate for the resistance 
genes tet(O), tet(W), tet(M), tet(Q) after release. Results for other ARGs are missing. As ARGs 
are similar in chemical nature it can be expected that all ARGs are sensitive to light. 
2.6 Antimicrobials wastewater biological treatments 
Pharmaceutical wastewater is generally characterized by high toxicity and the presence of 
refractory compounds that limit its biodegradability, making it a potential threat to the natural 
environment and to wastewater treatment plants, if not handled properly (Wen et al. 2010). The 
manufacturing of pharmaceutical compounds typically involves a variety of stages including 
conversion of natural substances into pharmaceutical ingredients through fermentation and 
extraction processes and mostly chemical synthesis. These initial steps are then followed by 
formulation and packaging of the final product (Teuber 2001). 
The amount and variety of wastes generated during the production of pharmaceuticals is 
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significantly higher than the amount of the actual finished product and it has been reported that 
200 to 30,000 kg of wastes can typically be generated for every kilogram of active ingredient 
produced (NRDC 2009). The composition of these pharmaceutical by-products varies as it 
depends on the type of drug manufactured, the materials used in the production and the actual 
operations involved. They can include biological substances like fermentation wastes, excess 
extraction solvents remaining after the isolation and purification of active ingredients from 
natural sources, pharmacologically active agents like anti-coagulants and chemotherapeutic 
agents, as well as cleaning agents and disinfectants which are used to sterilize equipment. The 
pollution load of the wastewater stream also depends on the pharmaceutical production line. 
For example, the wastewater stream produced from the washing of equipment is characterized 
by smaller effluent flow and low pollution load (weak stream). On the other hand, the effluent 
generated by the formulation process is more heavily polluted and usually referred to as a 
strong stream. This is because the formulation effluent has low biodegradability due to the high 
level of active substance (Zhang et al. 2009). These pharmaceutical byproducts from the 
various production lines of the pharmaceutical manufacturing facilities eventually become part 
of the overall pharmaceutical wastewater which can have chemical oxygen demand (COD) as 
high as 80,000 mg L
-1
 (Schaar et al. 2010). 
Several categories of pharmaceuticals raise particular concerns and among them 
antibiotics have significant impact in the environment where they can disrupt wastewater 
treatment processes and adversely affect ecosystems. Furthermore, pharmaceutical wastewater 
resulting from the manufacturing of antibiotics may contain biorefractory materials that cannot 
be readily degraded. Yet, biological treatment can still be a viable choice for treatment in 
combination with physico-chemical processes (Yuan et al. 2012). Because of the elevated COD 
content of pharmaceutical wastewater, anaerobic treatment could be a suitable option; however, 
it is not always feasible in particular because the high total dissolved solids (TDS) content of 
such wastewater interferes with the activity of methanogenic bacteria (Tsai et al. 2000). 
Pharmaceutical wastewater generated by an antibiotics (penicillin) company was treated 
by aerobic membrane bioreactors (MBRs) and sequencing batch reactors (SBRs). At a low 
organic loading rate of 0.22 kg-COD m
3 
d
-1
, both types of reactors were capable of treating the 
wastewater such that the treated effluent met the discharge regulation except for the total 
dissolved solids. However, when the loading rate was increased to 2.92 kg-COD m
3 
d
-1
, 
foaming issues resulted in unstable performance. Overall, the MBRs achieved better solid 
removal but the SBRs performed better in regards to the degradation of aromatic compounds, 
as determined by UV absorbance (UVA). Finally, ozonation was applied on two different 
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streams and showed promise on the strong stream – that corresponds to the formulation effluent 
and contains most of the biorefractory compounds. Ozonation successfully reduced the UVA, 
lowered the pH and increased the biochemical oxygen demand: chemical oxygen demand 
(BOD5: COD) ratio of the strong stream. However, it was less efficient on the effluent having 
undergone pre-treatment by a biofilter due to a lack of selectivity towards refractory 
compounds. 
Some antibiotics occurring in soil and sediment proved to be quite persistent in laboratory 
testing as well as in field studies. Some do not biodegrade well under anaerobic conditions 
(Daverey et al. 2014). Substances extensively applied in fish farming had long half-lives in soil 
and sediment, as reported in several investigations (Carvallo et al. 2002). However, some 
substances were at least partly degradable. Ampicillin, doxycycline, oxytetracycline, and 
thiamphenicol were significantly degraded, while josamycin remained at initial levels. Tylosin 
was biodegraded (Hughes et al. 2013). 
Table 2-3 Summary of antimicrobials degradation in anaerobic digestion 
Antimicrobials Substrate or process 
Degradation rate 
(1/day) 
Reference 
Amoxicillin  
swine wastewater 
fermentation 
0.003 
(Nuengjamnong and 
Chalermchaikit 2010) 
Amoxycillin 
anaerobic multi-chamber bed 
reactor 
0.076 (Celebi and Sponza 2009) 
Chlortetracycline pig manure 0.008 (mean value) (Álvarez et al. 2010) 
Chlortetracycline 
manure from medicated 
calves 
0.002 (Arikan 2008) 
Erythromycin  
anaerobic multi-chamber bed 
reactor 
0.055 (Celebi and Sponza 2009) 
Oxytetracycline pig manure 0.002 (mean value) (Álvarez et al. 2010) 
Oxytetracycline 
manure from medicated 
calves 
0.0005 (Arikan et al. 2006) 
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2.7 Influence of antimicrobials on biological treatments 
Previous research on the influence of antimicrobials on anaerobic treatment systems has 
not been conclusive. For example, previous research observed no effect of chloramphenicol, 
while other research observed strong inhibition by chloramphenicol during anaerobic batch 
experiments. 
Activated sludge has proved to achieve a significant removal of many micro-pollutants, 
mostly due to biodegradation or to sorption on solids or colloids, but little is known about the 
influence of operational parameters on both mechanisms, which might explain the disparity of 
removal efficiencies found for similar technologies in the literature. 
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Chapter 3 Influence of four antimicrobials on 
methane-producing archaea and sulfate-reducing bacteria in 
anaerobic granular sludge 
3.1 Introduction 
Globally, the use of antimicrobials in veterinary and human medicine has become 
widespread (annual consumption of 100,000-200,000 t) (Homem and Santos 2011), and the 
overuse and misuse of antimicrobials has attracted considerable attention. One aspect of this is 
their fate when entering municipal waste water systems. . Although the concentration of 
antimicrobials in municipal wastewater is generally low, their accumulation and persistence in 
the environment raise concerns that they may have a harmful influence on human health and the 
ecosystem (Kummerer 2009a). 
Cephalexin (CLX) is a first-generation cephalosporin antimicrobial having antimicrobial as 
well as antimicrobial activity and is with high water solubility (>1789 mg/L). It is widely used for 
therapeutic purposes and effective for both Gram positive and Gram negative organisms (Tsai et 
al. 2000). Cephalexin was also the most popular cephalosporin antimicrobial in the United States, 
with more than 25 million prescriptions of its generic versions alone since 2008.On the other side, 
the effluent concentration of CLX from a cephalosporin factory after treatment is still 
approximately 29 mg/Lin India(Sundararaman and Saravanane 2010). 
As a bacteriostatic antimicrobial, Erythromycin (ERY) belongs to macrolides which is the 
second largest consumption antimicrobials behind β-lactams (Anton Kováčik 2012). What is 
more, ERY is the most commonly used macrolides in human medicine and also the parent 
compound of other two common antimicrobials-azithromycin and clarithromycin (Guy W. 
Amsden 1996).The usage of ERY is as well as in farms to control bacterial diseases and to 
promote animal growth. Kolpin et al. studied 139 United States stream sites and detected 
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erythromycin more frequently than 21 other veterinary and human antimicrobials (Kolpin et al. 
2002). 
Tetracycline (TC) is a broad-spectrum antimicrobial that interrupt aminoacyl tRNA 
interaction with the acceptor site on the mRNA–ribosome complex. This portion of the protein 
synthesis process is inhibited by binding of the 30S ribosome of bacteria by TC synthesis (Loftin 
et al. 2005b).There has report that the concentration of TC was detected exceed5 mg/L in pig 
slurry (Sengelov et al. 2003). 
Sulfathiazole (ST) is a short-acting sulfa drug, which is effective against a wide range of 
gram positive and gram negative pathogenic microorganisms and is used in cattle widely. It is 
also an effective antibacterial drug for the treatment of gonorrhea, bacterial pneumonia, and 
other bacterial infections (Chen et al. 2010). Meanwhile, ST exhibits a high excretion rate as 
acetylated metabolite in urine and feces (Kahle and Stamm 2007). 
The pharmaceutical industry generates wastewaters containing high organic and sulfate 
concentrations as well as traces of antimicrobials (Grismer and Shepherd 1998). For instance, 
3200 mg·L
-1
 sulfate and 12500 mg·L
-1
 COD have been reported in one pharmaceutical industry 
effluent (Rodriguez-Martinez et al. 2005). In these circumstances, anaerobic treatment has been 
shown to be a feasible biological system for the elimination of these compounds. 
Methane-producing archaea (MPA) and Sulfate reducing bacteria (SRB) are common 
microorganisms in the anaerobic system. However antimicrobials may directly inhibit biological 
activities or even deteriorate and collapse anaerobic processes (Chelliapan et al. 2006; Ji et al. 
2013). During laboratory-scale experiments, a 27.8% reduction of methane production has been 
observed with 28 mg·L
-1
 chlortetracycline, while methane production decreased to 6.2 L·d
-1
 
from 6.8 L·d
-1
 as a result of inhibition by 200 mg·L
-1
 ERY (Amin et al. 2006; Stone et al. 2009). 
However, in the existing literature, there are only a limited number of studies investigating the 
influence of antimicrobials on microorganisms, and most of that research only paid attention to 
the effect on methanogenesis and neglected effects on sulfate reducing bacteria. 
This study thus aims to determine the feasibility of using an anaerobic system for 
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pharmaceutical wastewater treatment and focuses on the sensitivity of major microbes to the 
presence of the four antimicrobials previously introduced. For this purpose, we investigated the 
influence of CLX, TC, ERY, and ST at pharmaceutically relevant concentrations on the activity 
of granules which grow in an upflow anaerobic sludge blanket (UASB) reactor. SMA and SSA 
were detected according to the activity test, and the elimination of antimicrobials was measured. 
In order to distinguish the performance of various microorganisms, acetate and ethanol were 
respectively used as a carbon source. The microbial activity of intact granules was also 
compared with disrupted sludge to investigate the contribution of granular layered structure to 
the effect of antimicrobials. The kinetics and a mathematical model of inhibition or stimulation 
by antimicrobials were established, and the effects were assessed by the mathematic approach. 
3.2 Material and methods 
3.2.1  Analytical methods 
Total suspended solids (TSS) and volatile suspended solids (VSS) were measured with 
standard methods (APHA 1995). The content of CH4 was determined with gas chromatography 
(SHIMADZUGC-8). After filtering through a 0.45 µm cellulose acetate membrane, sulfate was 
analyzed by ion chromatography (DIONEX, DX-120). 
The concentration of antimicrobials was detected by Waters Acquity Ultra Performance 
liquid chromatography (UPLC) equipped with a BEH
TM
 C18 column (1.7µm, 150 mm × 2.1 
mm) and a TUV detector. CLX assay was eluted with 75 volumes 0.01 M sodium dihydrogen 
phosphate and 25 volumes methanol. The factors were detected at 262 nm with the flow rate of 
0.4 mL·min
 -1
 and the column temperature of 30 °C. For ST, the mobile phase was water with 
1% glacial acetic acid and 4% methanol  at a flow rate of 0.3 mL·min
 -1
 and the detection 
wavelength was 254 nm with a column temperature of 25 °C. Sterilized sludge was used to 
separate the adsorption part of CLX elimination and the inactivation of granules was carried out 
with the addition of sodium azide at 0.3% (w/v). The CLX concentrations of 20 mg/L and 400 
mg/L were chosen for the sorption tests using acetate or ethanol as substrate respectively. 
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3.2.2 Activity test 
The UASB reactor used in this study is shown in Figure 3-1. This reactor was made of 
organic glass with an internal diameter of 100 mm. It had a reacting zone with height of 0.8 m and 
volume of 6 L. The wastewater was pumped from an influent tank with effective volume of 70 L. 
Heated water was supplied with a water circulation heater to the outer layer of the reactor to keep 
this reactor with relatively stable temperature of 35±1 ˚C. This reactor was inoculated on Oct. 10, 
2011, with 3L mesophilic granular sludge from a full-scale UASB reactor treating food 
manufacturing wastewater in Miyagi, Japan. With a starting-up HRT of 48 h, more than 85% of 
COD was removed after 15 days operation. The granular sludge was kept well during the whole 
operation, and the average diameter and sedimentation on velocity of the granules were about 1.8 
mm and 96.5 m/h, respectively. 
 
a cephalexin (CLX)            b erythrocin (ERY) 
 
c tetracycline (TC)            d sulfathiazole (ST) 
Figure 3-1 Chemical structure of target antimicrobials 
The granular sludge used in this experiment was from a UASB reactor described by Jing et 
al. (2013). The composition of the synthetic wastewater used in this experiment was described 
in Table 3-1. Based on an assay of microbial community, methane was mainly produced by 
Methanosaeta concilii GP6; sulfate was mainly reduced by Desulfovibrio fructosovorans and 
Desulfovibrio sp. (Jing et al., 2013). In order to compare the difference in tolerance between 
intact and physically disrupted granules, half of the sludge was blended with a homogenizer at 
10,000 rpm for 2 min (AS ONE LM-Plus). The experimental methods followed previous 
research (Jing et al. 2013), and every experiment was repeated at least 3 times over 5 d. 
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3.3 Discussion 
3.3.1 Antimicrobials 
Different kinds of antimicrobials are known to exert various influences on microorganisms 
with different mechanisms as shown in Table 3-3 (Arikan et al. 2006; Perlin 2011). In particular, 
β-lactams are known as inhibitors of cell wall synthesis, but due to the different components of 
cell walls between archeae and bacteria, one antimicrobial (CLX) did not exhibit an inhibitory 
effect on archeae whereas  it did have an adverse effect on SRB. On the other hand, CLX can 
be easily degraded by microorganisms; due to the opening of the strained β-Lactam ring by 
β-Lactamase, which is one kind of enzyme widespread in bacteria (ASSAF LAMM 2009). This 
may also account for the absence of β-Lactams in environmental samples and WWTP secondary 
effluent (Cha et al. 2006). 
TC showed less than 30% inhibition of MPA, while no adverse effect was observed on 
SSA at 400 mg·L
-1
. The lower stability of TC in water may have contributed to this limited 
effect. The elimination of TC depends on its strong adsorption by sludge and biodegradation 
does not play an essential role in the removal process (Ching-Hua Huang, 2001). 
ERY exhibited the greatest adverse effect on both MPA and SRB, emphasizing the risk to 
wastewater biological treatment containing ERY. The concentration of ERY in this study was 
not analyzed but McArdell et al. (2003) reported that ERY was not removed during aerobic 
processes. However, a more recent paper found 67% removal rate in an anaerobic 
multi-chamber bed reactor (Celebi and Sponza, 2009).These results indicated that anaerobic 
treatment may be more efficient in eliminating ERY. 
The adverse effect caused by ST was less intense than for ERY but greater than for CLX 
and TC, due to its different mechanism against microbial. In addition, it is an entirely artificial 
synthetic in contrast to the other antimicrobials in this study, and this may contribute to its 
non-biodegradability (Dehghani et al., 2013). 
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Table 3-3 Antimicrobial Classes and Resistance Mechanisms (Perlin 2011) 
Antimicrobials Class Biochemical Target ResistanceMechanisms 
Cephalexin β-lactams Cell wall synthesis 
Alteration of binding 
protein;β-lactamase 
Erythromycin Macrolides Protein synthesis 
Alteration of 23S rRNA,r-protein L4; 
modification of drug/ribosome 
structure; 
efflux 
Tetracycline Tetracyclines Protein synthesis Modification of drug structure, efflux 
Sulfathiazole Sulfonamides Folate synthesis Alteration of dihydropteroate synthase 
3.3.2 Sensitivity between archaea and bacteria 
The results of this study show that the inhibitory effect of antimicrobials on MPA caused a 
reduction in SMA activity of less than 50%. These results indicate that a significant portion of 
the SMA within the granular sludge can be maintained even in the presence of measurable 
amounts of antimicrobials. The different resistance to antimicrobials between archaea and 
bacteria depends on their different cellular structures. The peptidoglycan in cell walls is the 
action site for CLX, and methanogenic archaea do not have this cellular feature. Compared with 
bacterial ribosomes archaeal ribosomes have a heterogeneous protein composition to adapt to 
harsh environmental conditions (Hilpert et al. 1981). Thus MPA exhibited more tolerance than 
SRB when ERY or TC inhibited its protein synthesis. The sulfonamides are bacteriostatic 
inhibitors designed to prevent bacterial infections and thus reveals a more obvious effect on 
bacteria than archaea (Perlin 2011). 
These results which suggest a difference in tolerance levels between archaea and bacteria 
are supported by the observation that the adverse effect of ERY and ST on MPA was more 
obvious when using ethanol as a substrate than when acetate was used. This is considered to be 
because the ethanol can be metabolized to acetate or hydrogen and carbon dioxide by SRB, and 
then hydrogen-producing acetogenic bacteria (HAB) or MPA can utilize them to cause 
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methanogenesis. Thus, the slowdown in the rate of ethanol metabolism was due to inhibition of 
the HAB by the SRB. On the other hand, CLX and TC did not exhibit an adverse effect on 
bacteria according to Figure 3-5a and 3-5b. In this case, ethanol metabolism and methanogenesis 
appeared not to be inhibited by the antimicrobials. The reaction equations are as follows: 
SRB:  2C2H5OH + SO4
2-
 → 2CH3COO
− + HS−
 
+ 2H2O + H
+
                            (3-7) 
HAB:  C2H5OH + H2O → CH3COO
− + H
+
 + 2H2                    (3-8) 
MPA:  CH3COO
− + H2O → CH4 + HCO3
−                        (3-9) 
4H2 + H
+
+ HCO3
− → CH4 + 3H2O                         (3-10) 
3.3.3 Intact and disrupted sludge tolerance to antimicrobials 
From the results of this study, it is apparent that intact granules had more tolerance to 
antimicrobials than disrupted granules. Some reports have indicated that the high resistance of 
granules to toxic compounds is attributable to their layered structure (Xie 2009). Considering this 
theory, two explanations of our observations can be offered. Firstly, the increased resistance of 
intact granules may be due to internal diffusion resistance (Schmidt and Ahring 1991). In this 
case, a reduction in mass transfer resistance would lead to an improvement in activity and decline 
in the level of toxicity tolerance. The second hypothesis would be that the core of the granules is 
composed of MPA, while SRB is mainly present in the outer shell. Such a layered structure 
distribution of MPA and SRB would result in a zonation where each activity is predominant 
(Høiby et al. 2010). The disruption of the granules would then disturb the microbial distribution 
and expose both the internal archaea and external bacteria to the toxicants evenly. 
3.4 Conclusions 
The UASB reactor, in which the microbial population is in a granular state, is a more 
effective configuration for the treatment of wastewater containing antimicrobials, than the 
traditional anaerobic process. The layered structure of the granular sludge contributes to a 
significant resistance effect on SMA and SSA. Due to the insensitivity of archaea, the inhibition 
of the MPA by the four antimicrobials at concentrations below 400 mg·L
-1
 did not exceed 50%. 
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The degree of inhibition to SRB was more obvious than to MPA, while different antimicrobials 
exhibited various levels of impacts on SSA: CLX and TC have no adverse effect on SRB, but 
ERY and ST clearly inhibited SSA. The analysis of CLX degradation indicates that CLX can be 
eliminated during the anaerobic treatment process but ST cannot. 
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Chapter 4 Effect of two antimicrobials on nitrification 
during batch and continuous experiments 
4.1 Introduction 
The occurrence and potential adverse effects of antibiotics in wastewater and in the 
aquatic environment has attracted increased attention (Gobel et al. 2005). As micropollutants, 
antibiotics are only partially eliminated in wastewater treatment plants and residual amounts 
can reach ambient waters or groundwater (Giger et al. 2003). The persistence of antibiotics 
may promote the selection of antibiotic resistance genes (ARGs) and antibiotic resistant 
bacteria (ARB) which could raise the risks of wastewater reclaimed and drinking water 
security (Nicole Fahrenfeld 2013; Watkinson et al. 2007). 
4.2 Materials and Methods 
4.2.1 Batch experiments 
The previously reported activity measurement was utilized for batch experiments (Third 
et al. 2001) . The specific ammonium-oxidizing activity (SAA) and the specific 
nitrite-oxidizing activity (SNA) for AOB and NOB were respectively measured below 
completely aerobic conditions (initial DO≈7.5 mg/L). Sludge was taken from the reactor and 
incubated in a 500 mL beaker at 30˚C in shaking water bath (Yamato BT200) and sample 
interval was half an hour. 
With the same nitrogen loading rate, for AOB test, the substrate was the same with the 
synthetic wastewater while for NOB test 246 mg/L NaNO2 (50 mg/L NO2
-
-N) was utilized as 
the nitrite source. ERY was spiked into the beakers respectively in order to investigate the 
effect of it at different concentrations (0-400 mg/L). These experiments were repeated at least 
3 times and the standard deviation is shown as bars in the figures. In addition, the difference 
of ERY inhibition on nitrification processes was studied in detail during the batch 
experiments by using inhibition and relative activity percentage based on the following 
equations: 
                
(4-1) 
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(4-2) 
4.2.2 Analytical methods 
The pH, COD, NH4
+
-N, MLSS and MLVSS were measured with standard methods 
(APHA 1995). NO2
-
-N and NO3
-
-N were measured with a capillary electrophoresis (Agilent 
technologies 7100). Before COD, NH4
+
-N, NO2
-
-N and NO3
-
-N analysis, samples were 
filtered through 0.45 µm cellulose acetate membrane. 
The concentrations of ERY, AZI and CLA were detected by Waters Acquity Ultra 
Performance liquid chromatography (UPLC) and before analysis samples were filtered 
through 0.22 µm cellulose acetate membrane. This system was equipped with a YMC-Triart 
C18 column (3 μm, 12 nm, 50 × 2.0 mml.D) and a TUV detector. Macrolides assay used 
eluent with 20 mM KH2PO4-K2HPO4 (pH=7.9)/acetonitrile/methanol (40/45/15). The factors 
were detected at 210 nm with the flow rate of 0.2 mL/min and the column temperature was 
35 °C. Sterilized sludge was used to separate the adsorption part of ERY elimination and the 
inactivation of sludge was carried out with the addition of sodium azide at 0.3% (w/v). The 
ERY concentrations of 10 mg/L and 50 mg/L were chosen for the sorption tests using sludge 
from stage 4and 7 respectively. 
Pump
Effluent
Sludge
Settling tank
Continuous aerobic reactor
Air pump
CV
Substrate tank
InfluentP
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Figure 4-2  Schematic diagram of the nitrification reactor 
4.3 Results and discussion: 
4.3.1 Setup experiment 
In order to enrich the nitrifier, the reactor run without carbon source and the data of 
continuous operation are shown in Figure 4-3. At first, the activated sludge taken from the 
oxidation ditch performed low ammonia removal efficiency (around 19%) at 0.05 gN/L/d. 
About 24 days later, the removal efficiency of NH4
+
-N began to increase and approached to 
95%. No accumulation of nitrite was found during this period and it completely transferred to 
nitrate. This steady stage was sustained for 40 d and then the NLR increased to 0.1 gN/L/d by 
decreasing HRT (hydraulic retention time) to 12 h. The ammonia removal and nitrate 
production efficiency appeared to no obvious variation. After being stable at this stage, NLR 
was increased to 0.2 and 0.4 gN/L/d respectively. The AOB and NOB in this reactor adapted to 
operate under higher NLR so as to obtain higher microbial activity than the bacteria in common 
activated sludge system (Alimahmoodi et al. 2013). This reactor successfully realized the 
operation of activated sludge under high NLR and was helpful to the research of nitrification 
and denitrification. 
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Figure 4-3  Concentration of ammonia, nitrate and MLVSS with different NLR 
The alteration of HRT led to different growth rates of MLVSS at each stage. In the 
beginning of this continuous operation, the heterotrophic bacteria cannot survive due to the 
lack of organic substance and was under the endogenous metabolism stage (Okabe et al. 2005). 
The microbe growth rate was lower than its death rate so that the concentration of MLVSS 
showed 32% decrease at the first 35 d. Then, nitrifying bacteria started to occupy dominant 
population and had rapid proliferation with sufficient nitrogen source. From day 51, the 
growth rate of microbe became higher than the death rate and the concentration of MLVSS 
began to increase under the cultivated condition. However, the shortest HRT resulted in part 
of the sludge discharged with the effluent and that the MLVSS reduced from 1590 mg/L to 
1380 mg/L at the third stage. After approaching NLR to 0.4 gN/L·d, the reactor no longer 
reduced HRT again and kept certain increase of MLVSS. The yield of nitrifying activated 
sludge was 0.06 kg-MLVSS/kg-NH4
+
-N according to calculation. This value supplied the 
available frequency of the batch experiment for the purpose of maintaining a constant 
MLVSS concentration in the reactor. According to this enrichment and purification of the 
nitrification bacteria, the original activated sludge could operate without carbon source under 
high NLR. This is the preparation step for the batch experiment in order to keep the 
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stabilization of microbe and its activity (Chen et al., 1988). 
4.4 Conclusions 
Below the NLR of 0.4 gN/L·d, the enrichment of nitrifying bacteria based on activated 
sludge was successful by reducing HRT. According to the sludge yield, the reactor could 
operate with constant biomass in the case of taking sludge out for repeated batch experiment. 
Among the tested kinds of antimicrobials, CLX has no obvious adverse effect on nitrifier, 
while SMX shows slight inhibition to the nitrification process. To the nitrifiers AZI is the 
strongest inhibitor, but the relative activity of nitrifying bacteria cannot be detected in the 
presence of TC. Foam appeared soon after the addition of TC which caused biomass reduction 
and the experiment could not be continued. Compared with AOB, NOB is more sensitive to 
antimicrobials, so it may lead to the accumulation of nitrite during the nitrification treatment of 
antimicrobials wastewater.
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Chapter 5 Effect of four antimicrobials on anammox at 
different ammonia concentrations by batch experiments 
5.1 Introduction 
Antimicrobials are frequently detected recently in the natural water and are considered as 
one kind of the most important pollutants because of their role in the selection of antibiotic 
resistance genes (ARGs) (Yang and Carlson 2004). Their persistence in the ecological 
environment (surface water, groundwater, wastewater, sold and sediment), and their toxicity 
to aquatic organism, including humans through drinking water have attracted a great deal of 
attention. However the treatments of the pharmaceuticals wastewater contained these 
micro-contaminants still have to face several critical problems because many of these 
compounds can survive after the conventional treatment: β-lactams (i.e., cefalexin) general 
could not be readily removed by conventional oxidation; the concentration of erythromycin 
did not have decrease after MBR treatment process; the lack of tetracycline metabolites 
suggested that biodegradation could not cause the effective TC removal in activated sludge 
system; only less than 20% of sulfamethoxazole was removed during the activated sludge 
process in a local municipal wastewater treatment plant (WWTP) (Aga 2007).
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Chapter 6 Conclusions and recommendations 
6.1 Conclusions 
The UASB reactor, in which the microbial population is in a granular state, is a more 
effective configuration for the treatment of wastewater containing antimicrobials, than the 
traditional anaerobic process. The layered structure of the granular sludge contributes to a 
significant resistance effect on SMA and SSA. Due to the insensitivity of archaea, the inhibition 
of the MPA by the four antimicrobials at concentrations below 400 mg·L
-1
 did not exceed 50%. 
The degree of inhibition to SRB was more obvious than to MPA, while different antimicrobials 
exhibited various levels of impacts on SSA: CLX and TC have no adverse effect on SRB, but 
ERY and ST clearly inhibited SSA. The analysis of CLX degradation indicates that CLX can be 
eliminated during the anaerobic treatment process but ST cannot. 
Below the NLR of 0.4 gN/L·d, the enrichment of nitrifying bacteria based on activated 
sludge was successful by reducing HRT. According to the sludge yield, the reactor could 
operate with constant biomass in the case of taking sludge out for repeated batch experiment. 
Among the tested kinds of antimicrobials, CLX has no obvious adverse effect on nitrifier, 
while SMX shows slight inhibition to the nitrification process. To the nitrifiers AZI is the 
strongest inhibitor, but the relative activity of nitrifying bacteria cannot be detected in the 
presence of TC. Compared with AOB, NOB is more sensitive to antimicrobials 
 
In general, this study indicated the biological treatment processes for pharmaceutical 
wastewater contained high concentration of COD, nitrogen and sulfate as shown in Figure 
6-1. 
The UASB reactor, in which the microbial population is in a granular state, is a more 
effective configuration for the treatment of wastewater containing antimicrobials, than the 
traditional anaerobic process.  
Below 50 mg/L, nitrifiers could be acclimated and this adaption was also feasible to the 
other macrolides-AZI and CLA during the activated sludge system. 
Using anammox process to remove nitrogen, the bacteria could survive in the present of 
ERY and CLX below 400 mg/L but could not with TC and ST. 
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Figure 6-1 schematic diagram of biological treatment processes for pharmaceutical 
wastewater 
6.2 Recommendations 
In this study, only the research on the effect of macrolides on nitrification did the 
continuous experiments. However the batch experiments of short-term exposure could express 
the acute toxicity of the antibiotics and the chronic toxicity needs the long-term exposure 
experiments. Likewise the microbial community may shift by the selection of antibiotics during 
the continuous operation and the change of the microbial community of biomass could play 
crucial role in the antibiotic wastewater treatment processes. On the other hand, the recovery of 
inhibited reactor performance is by antibiotics is also an interesting field to this study and need 
farther research. 
The fate and occurrence of the antibiotics during the various treatment processes are 
another problem we have to face. Meanwhile, the influence of the antibiotics which have high 
inhibition to microbe at low-range should proceed. Because the concentrations of most 
antibiotics using in this study are lower in the actual hospital and pharmaceutical wastewater. 
Due to the limit of detection (LOD) the lowest concentration of antibiotics in this study was 20 
mg/L and could not express the moderate effect of antibiotics on the biological treatment 
processes. The removal efficiency of antibiotics appeared to different among the treatment 
processes and authoritative results are needed which should be well analyzed and evaluated. 
 
